Arctic Ocean sea ice biomarker IP 25 Younger Dryas sediment trap a b s t r a c t For the reconstruction of sea-ice variability, a biomarker approach which is based on (1) the determination of sea-ice diatom-specific highly-branched isoprenoid (IP 25 ) and (2) the coupling of phytoplankton biomarkers and IP 25 has been used. For the first time, such a data set was obtained from an array of two sediment traps deployed at the southern Lomonosov Ridge in the central Arctic Ocean at water depth of 150 m and 1550 m and recording the seasonal variability of sea ice cover in 1995/1996. These data indicate a predominantly permanent sea ice cover at the trap location between November 1995 and June 1996, an ice-edge situation with increased phytoplankton productivity and sea-ice algae input in July/ August 1996, and the start of new-ice formation in late September. The record of modern sea-ice variability is then used to better interpret data from sediment core PS2458-4 recovered at the Laptev Sea continental slope close to the interception with Lomonosov Ridge and recording the post-glacial to Holocene change in sea-ice cover.
Introduction and background
An important phenomenon of the Arctic Ocean is the sea-ice cover with its strong seasonal variability in the marginal (shelf) areas ( Fig. 1 and supplementary material, Fig. S1 ; Johannessen et al., 2004 and further references therein). Sea ice is a very critical component of the Arctic system that responds sensitively to changes in atmospheric circulation, incoming radiation, atmospheric and oceanic heat fluxes, as well as the hydrological cycle. Ice significantly reduces the heat flux between ocean and atmosphere; through its high albedo it has a strong influence on the radiation budget of the entire Arctic. Thus, sea ice certainly plays a substantial role in climate system variability. Furthermore, the sea-ice cover strongly affects the biological productivity, as a more closed sea-ice cover restricts primary production due to low light influx in the surface waters. Sea ice is also an important agent for sediment transport from the shelves into, across, and out of the Arctic Ocean (for review see Stein, 2008) .
There is a general consensus that the polar regions-and especially the Arctic Ocean and surrounding areas-are (in real time) and have been (over historic and geologic time scales) subject to rapid and dramatic change. The Arctic sea ice, for example, had been undergoing retreat over the past three decades with an extreme minima in 2007, recognized by the science community with some alarm (e.g., Johannessen et al., 2004; Francis et al., 2005; Serreze et al., 2007; Stroeve et al., 2007) . The causes of the recent changes, however, are a subject of intense scientific and environmental debate. As outlined by Johannessen et al. (2004) , it remains open to debate whether the warming and decrease in sea ice over the recent decades are an enhanced greenhouse-warming signal or-at least partly-natural decadal and multidecadal climate variability (Polyakov and Johnson, 2000;  Polyakov et al., 2002) . The uncertainties in statements related to causes of recent climate change and its extrapolation into the future are in part related to the lack of homogeneous, century-scale instrumental data sets needed to resolve the inherent timescales of variability in the Arctic (Venegas and Mysak, 2000) , a region characterized by high variability. Here, we present high-resolution paleo-sea ice as well as other paleoclimatic records going back beyond the timescale of direct measurements.
Concerning the reconstruction of paleo-sea ice distributions, a novel biomarker approach, which is based on the determination of sea-ice diatom-specific highly branched isoprenoid (C 25 HBI monoene¼IP 25 ), has been developed by Belt et al. (2007) . In following-up studies, the identification of this biomarker proxy IP 25 in marine sediment cores from the Canadian Arctic Archipelago Vare et al., 2009) , the shelf north off Iceland , the Barents Sea and from northern Fram Strait and off East Greenland (Müller et al., 2009 (Müller et al., , 2011 (Müller et al., , 2012 allowed reconstructions of the ancient sea ice variability in these regions during last 1-30 ka (see Fig. 1 for location of cores/study areas 1-5). In a pilot study carried out in a sediment core from the Barents Sea continental slope (see Fig. 1 , location 6), Stein et al. (submitted for publication) could show that IP 25 is even preserved in sediments as old as 130-150 ka (MIS 6), i.e., IP 25 can be used for reconstruction of sea-ice variability during older glacial/interglacial intervals (MIS 6/MIS5).
When using IP 25 as sea-ice proxy one has to consider that its absence may refer to either a lack of sea ice or, in contrast, a permanent and thick ice cover limiting any algal growth. In this context, the combination of IP 25 with a phytoplankton marker (in terms of a phytoplankton marker-IP 25 index PIP 25 ; Müller et al., 2011) proves highly valuable to properly interpret the sea-ice proxy signal as an under-or overestimation of sea-ice coverage can be circumvented and more quantitative estimates of paleo-sea-ice coverage seem to be possible (Müller et al., 2009 (Müller et al., , 2011 (Müller et al., , 2012 .
Here, we present new IP 25 and phytoplankton biomarker (and calculated PIP 25 ) data (1) from a sediment trap deployed at the southern Lomonosov Ridge in the central Arctic Ocean and recording the seasonal variability in sediment and biomarker fluxes in 1995/ 1996 (Fahl and Nöthig, 2007) , and (2) from a sediment core recovered at the Laptev Sea continental slope close to the interception with Lomonosov Ridge and recording the post-glacial to Holocene paleoenvironmental change (Fahl and Stein, 1999; Spielhagen et al., 2005) (Fig. 1 ).
Material and methods

Sediment trap: background information
During the Polarstern Expedition ARK-XI/1 in 1995 (Rachor, 1997) , a long-term mooring system with two cone-shaped multisampling traps (SMT 230 K.U.M.; sampling area 0.5 m 2 ) was deployed at the dominantly ice-covered western slope of the southern Lomonosov Ridge ( Fig. 1, LOMO2 ; 81104.5 0 N, 138154.0 0 E, 1712 m water depth). One trap was installed at 150 m below the sea surface, the other at 150 m above the bottom at 1550 m depth; material was collected in 20 time intervals between September 1995 and August 1996. This allowed for the first time to study changes in vertical fluxes, degradation processes and lateral input in the High Arctic. Further details are described in Fahl and Nöthig (2007) .
Core PS2458-4: sediments and age model
Core PS2458-4 was recovered from the upper eastern Laptev Sea continental slope (78109.95 0 N, 133123.86 0 E; water depth 983 m) during Polarstern Cruise ARK-IX/4 and consists of a 8 m long sedimentary sequence of dominantly very dark olive-gray silty clay of dominantly terrigenous origin (Fütterer, 1994) . Small bivalves occasionally occur and were used for AMS-14 C dating (Spielhagen et al., 1996 (Spielhagen et al., , 2005 . Based on these AMS-14 C datings, a very reliable chronology is available for the sediment interval between about 250 and 650 cm below seafloor (cmbsf), representing a time interval between about 9.3 and 14.7 calendar kyr BP (for discussion of the age model see Spielhagen et al., 2005) . For this well-dated interval, data were also plotted versus age (see below). The base of the core has an extrapolated age of about 16.4 calendar kyr BP. For the upper 250 cmbsf, two age models are discussed. The published age model by Spielhagen et al. (2005) included the AMS 14 C age of a piece of wood found in 201 cmbsf (8.85 calendar kyr BP). These authors are aware that wood pieces bear some risk of being redeposited, however, the date fits with an almost linear extrapolation of results from samples below and hence is regarded as a reliable date. Furthermore, there seems to be some evidence of a hiatus at a depth of 100 cmbsf, lasting from about 8 calendar kyr BP to about 0.1-0.2 calendar kyr BP (Spielhagen et al., 2005) . For the alternative age model discussed below, we only used the AMS-14 C datings from bivalves, i.e., we assume linear sedimentation rates (and no hiatus) between the AMS-14 C datings at 252 cmbsf (9.29 calendar kyr BP) and 0 cmbsf (0 calendar kyr BP ¼recent). This age model results in significantly reduced sedimentation rates at about 9.3 calendar kyr BP. Such a drastic decrease in sedimentation rates between 9 and 10 calendar kyr BP is also reported in numerous sediment cores from the Laptev Sea and Kara Sea continental shelf and upper slope, explained by a shift of the main depocenter towards the inner shelf due to the onset of shelf flooding at that time (Bauch et al., 2001b; Taldenkova et al., 2010) . This contemporaneous decrease in sedimentation rates along the Laptev and Kara seas continental margin may be a strong argument for the alternative age model.
Biomarker analyses
All sediment samples for the organic geochemical analysis were stored at À 30 1C directly after collecting. The treatment of the sediment trap samples has been published by Fahl and Nöthig (2007) . For biomarker analyses of the Core PS2458-4 ca. 6-8 g of freeze-dried and homogenized sediment were extracted by an Accelerated Solvent Extractor (DIONEX, ASE 200; 100 1C, 5 min, 1000 psi) using dichloromethane:methanol (2:1 v/v). The freezedrying as well as the extraction method have been tested for reproducibility and stability of compounds using a reference sediment and standards of several organic substances, e.g., brassicasterol, campesterol, b-sitosterol, a homologous series of n-alkanes, mono-and polyunsaturated fatty acids (C 16 -C 22 ) as well as the below mentioned internal standards, characterized by similar chemical properties as the analytes. With the exception of the volatility of the short-chain n-alkanes (up to and including C 16 n-alkane, which is not the scope of this study) no impact could be detected. For quantification the internal standards 7-hexylnonadecane (0.076 mg/sample), squalane (2.4 mg/sample) and cholesterol-d 6 (cholest-5-en-3b-ol-D 6 ; 22 mg/sample) were added before any analytical treatment. Thus, quantification errors caused by loss of analytes, systematic errors during the chemical treatment and/or instrument measurement can be excluded. The compounds were separated by column chromatography using SiO 2 as stationary phase. Hydrocarbons were eluted with n-hexane (5 ml) and sterols with ethylacetate:n-hexane (20:80 v/v; 6 ml). The latter fraction was silylated with 500 ml BSTFA (bis-trimethylsilyl-trifluoroacet-amide) The identification of the hydrocarbons and the sterols was carried out on basis of GC retention time and fragmentation pattern obtained from mass spectrometry (MS). The latter has been compared with published mass spectra (for sterols see Boon et al. (1979) and Volkman (1986) , for IP 25 see Belt et al. (2007) , and for C 25 -HBI diene see Johns et al. (1999) ). The Kovats Index calculated for IP 25 is 2085 (under the above mentioned conditions), retention indices for brassicasterol (as 24-methylcholesta-5,22E-dien-3b-O-Si(CH 3 ) 3 ), campesterol (as 24-methylcholest-5-en-3b-O-Si(CH 3 ) 3 ) and b-sitosterol (as 24-ethylcholest-5-en-3b-O-Si(CH 3 ) 3 ) were calculated to be 1.018, 1.042, and 1.077 (normalized to cholest-5-en-3b-ol-D 6 set to be 1.000), respectively.
The concentrations of the biomarker were calculated on the basis of their individual GC-MS (gas chromatography-mass spectrometry) ion responses compared with those of respective internal standards. All sterols were quantified as trimethylsilyl ethers ( À OTMS) using the molecular ions m/z 470 for brassicasterol, m/z 472 for campesterol, and m/z 486 for b-sitosterol, compared with the response of the molecular ion m/z 464 of the internal standard cholesterol-d 6 .
For the quantification of IP 25 and C 25 -HBI diene their molecular ions (m/z 350 for IP25, m/z 348 for C 25 -HBI diene) in relation to the abundant fragment ion m/z 266 of the internal standard (7-hexylnonadecane, 7-HND) were used. All these ions for themselves fulfill the qualification of having a linear behavior concerning response and concentration in both total ion current (TIC) mode (the ions were extracted from the total ion current) and selected ion monitoring The biomarker concentrations were corrected to the amount of extracted sediment.
The qualification and quantification of the fatty acids cis-9-hexadecenoic acid (C 16:1(nÀ 7) ), cis-11-hexadecenoic acid (C 16:1(nÀ 5) ), and all-cis-5,8,11,14,17-eicosapentaenoic acid (C 20:5(nÀ 3) ) of the sediment trap were already published by Fahl and Nöthig (2007) . All data are available on doi:10.1594/PANGAEA.602289.
Supplementary data for this publication are available at doi:10.1594/PANGAEA.775891.
Calculation of PIP 25 Index
Following Müller et al. (2011) we combined the IP 25 with the phytoplankton biomarker brassicasterol and calculated the phytoplanktion-IP 25 index (PIP 25 index) that seems to be highly valuable to properly interpret the sea ice proxy signal as an under-or overestimation of sea ice coverage can be circumvented. Regarding the significant concentration difference between IP 25 and brassicasterol, we considered a balance factor F (calculated by the average concentrations of both marker, see below) for the calculation of the PIP 25 index (see Müller et al., 2011) : (2011) in more detail. Although the PIP 25 approach still has its limitations and needs further validation with additional data from other Arctic areas, the main and principle idea of pairing IP 25 with a phytoplankton productivity measure to distinguish between multiple ice conditions characterized by zero IP 25 (as introduced by Müller et al. 2009 Müller et al. , 2011 , remains an important further development of the original IP 25 approach.
Results and discussion
3.1. Seasonal variability of sea ice cover as deduced from biomarker sediment trap data Concerning modern central Arctic Ocean particulate (lithogenic and biogenic) fluxes, Fahl and Nöthig (2007) presented the first record of the annual variability and composition of particle fluxes in the Lomonosov Ridge area close to the Laptev Sea continental margin. These authors discussed data on the variability of fluxes of lithogenic matter, CaCO 3 , opal (including data on diatom assemblages), and particulate organic carbon as well as specific biomarker composition (n-alkanes, fatty acids, and terrestrial sterols), and found that both the shallow and the deep trap showed significant variations in vertical organic and lithogenic fluxes over the year 1995/1996. For example, distinctly higher particulate organic carbon (POC) values were found from mid-July to the end of October (POC mass flux of 1-15 mg m À 2 d À 1 in the shallow trap and 3-9 mg m À 2 d À 1 in the deep trap) whereas during all other months (i.e., November-June), fluxes were fairly low in both traps (most POC mass flux values o3 mg m
) (Figs. 2 and 3 ). In general, the former time interval of increased fluxes coincided with times of reduced sea ice whereas the latter time interval characterized by reduced fluxes is related to a period of closed sea ice cover. In order to get more detailed information about the sea ice cover and its change throughout the year, in this study we have focused on the novel sea ice proxy IP 25 and the phytoplankton-IP 25 index (PIP 25 Index) ( Fig. 2 ; Belt et al., 2007; Müller et al., 2009 Müller et al., , 2011 .
The interval November 1995-June 1996 classified by Fahl and Nöthig (2007) as period of predominantly permanent sea ice cover, is characterized by the absence of the sea-ice proxy IP 25 (except very minor values for February and April in the upper sediment trap; Fig. 3 ), supporting these authors' interpretation in general. Based on diatom assemblages determined in the trap samples, however, a first ice-algal growth already started at the end of April to the beginning of May, reflected in low/rare abundances of ice-associated algal community (Nitzschia species) and paralleled by a first increase in POC flux (Fig. 3) . The absence (to very low abundance during April in the upper sediment trap) in IP 25 in this time interval may be caused by the fact that the Haslea species, as one possible producers of IP 25 , only present a very minor proportion of this sub-ice algae community (o0.1%, Nöthig and Zernova, unpublished data). In April, low abundances of brassicasterol and fatty acids were also found in the upper sediment trap (Fig. 3) , suggesting some first phytoplankton productivity in open-water leads. Both biomarkers, however, also occurred in minor (background) amounts in both sediment traps throughout the winter (dark) period, which may suggest a release of the biomarkers trapped in the sea ice (cf., Fahl and Nöthig, 2007) . Furthermore, the general decrease in biomarker concentrations from the shallow to the deep sediment trap may be related to degradation processes (see below). The distinct maximum in brassicasterol determined in the upper trap for February (Fig. 3) , i.e., during winter times of total darkness and closed sea-ice cover, cannot be explained so far.
Then, in June-August (September), abundant sub-ice algal species of Nitzschia frigida, N. promare, Gyrosigma spec., and Melosira arctica occurred in the shallow trap (Zernova et al., 2000; Fahl and Nöthig, 2007) . The high cell numbers with intact cells of these species more or less exactly coincide with maximum values of IP 25 values. During this time interval between June and August, on the other hand, also maximum abundances of pelagic/open-ocean diatoms, mainly Fragilariopsis oceanica, were determined. The absolute maximum in diatom abundances in August 1996 was caused by the pennate diatoms F. oceanica (open ocean indicator) and N. frigida (sub-ice algae) (Zernova et al., 2000) .
LOMO2 Sediment Trap Record 1995/96
August October -September (Müller et al., 2011, supplemented) . In this generalized scheme, the seasonal variability of sea-ice cover in 1995/96 as well as winter and summer/spring situations at the sediment trap location on Lomonosov Ridge proposed in this study, are shown.
Red arrows indicate possible influence of lateral transport. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
The high abundances of diatoms during July/August are supported by the maximum fluxes of the diatom-specific fatty acids and brassicasterol (Fig. 3) as well as maximum contents of biogenic opal in both traps (Fahl and Nöthig, 2007) , all related to increased primary productivity. The marine organic matter (here POC, brassicasterol, and fatty acids) and the IP 25 values decrease systematically from 150 to 1550 m depth (Fig. 3) , indicating a possible biogeochemical degradation with increasing water depth and/or an incorporation of organic carbon including IP 25 and brassicastrol into the marine food web . The maximum August 1996 IP 25 concentration decreased from about 12 ng m À 2 d À 1 to about 2 ng m À 2 d À 1 during its fall through the water column from 150 (shallow trap) to 1550 m (deep trap) water depth, i.e., decreased by a factor of about six, whereas brassicasterol decreased by a factor of four to five. That means, the change in PIP 25 values (as calculated as ratio from both biomarkers) with increasing water depth is smaller than the changes of the single biomarker. This decrease in concentration (1) and Fragiliopsis oceanica, Nitzschia frigida, N. promare, Gyrosigma spec., Melosira arctic (2) in the shallow sediment trap (data from Fahl and Nöthig, 2007) are indicated by crosses. during transfer through the water column has to be considered when interpreting the absolute IP 25 and brassicasterol concentrations as well as the PIP 25 ratios in sedimentary records. Furthermore, these organic fluxes in July/August suggest that vertical flux processes mainly controlled the biomarker values measured in the deep trap during July and August, instead of the lateral input which controlled fluxes during September/October (Fahl and Nöthig, 2007 ; see also below).
Due to the coincidence of maximum abundances of sea-ice proxies and open-ocean primary productivity proxies during the July/August time interval we propose an ice-edge situation characterized by increased phytoplankton productivity and sea-ice algae input ( Fig. 2 ; Sakshaug, 2004; Müller et al., 2011) , versus the fully ice-free conditions originally proposed by Fahl and Nöthig (2007) . Our interpretation is also supported by the phytoplankton-IP 25 index (PIP 25 Index), reaching quite high values of 0.5-0.8 ( Fig. 3 ; Müller et al., 2011) .
During September/October, concentrations of POC (Fig. 3 ) and terrigenous biomarkers (Fahl and Nöthig, 2007) reached significantly higher in the deep trap in comparison to the shallow trap. This has been interpreted by Fahl and Nöthig (2007) as increased lateral sediment flux at greater depth, related to increased terrigenous sediment input from the Kara and Laptev seas with transport by sea-ice transport and/or (contour) currents. Brassicasterol and fatty acid concentrations (as phytoplankton productivity indicators), on the other hand, still seems to be controlled by vertical flux processes as indicated by the normal decrease in concentrations with increasing water depth (Fig. 3) . The distinctly reduced September/October values of brassicasterol and fatty acids suggest a decrease in primary productivity, probably related to the start of new-ice formation in late September (Fig. 2) . This situation is reflected in IP 25 values of 2 ng m À 2 d À 1 (which are lower in comparison with July/August but still high enough to indicate the occurrence of sea-ice diatoms) and a PIP 25 ratio of 0.5 (Figs. 2 and 3) in the shallow trap. These data indicate, that different processes (i.e., vertical vs. lateral sediment input) have probably controlled the biogenic and terrigenous sediment fluxes in autumn (see Fahl and Nöthig, 2007) .
Change in deglacial to Holocene sea ice cover as deduced from biomarker records of Core PS2458-4
For characterization of the different organic carbon sources (i.e., marine vs. terrigenous) and interpretation of the data in terms of paleoenvironmental changes, several studies have been carried out in the past on the organic-carbon fraction of Core PS2458-4 (Fahl and Stein, 1999; Stein et al., 2001; Boucsein et al., 2002; . Furthermore, Spielhagen et al. (2005) carried out a study of oxygen and carbon isotopes of the planktic foraminifer species Neogloboquadrina pachyderma sin. in order to reconstruct the freshwater runoff in the Laptev Sea during the last deglaciation. None of these studies, however, have concentrated on the deglacial to Holocene history of sea-ice cover, the major focus of this study.
The sedimentary record of Core PS2458-4 probably represents the last about 16.5 calendar kyr BP. During this time interval, the sea level rose by about 110 m (e.g., Fairbanks, 1989) , and major parts of the broad Laptev Sea shelf became flooded ( Fig. 4 ; Stein and Fahl, 2000; Bauch et al., 2001b) . This post-glacial sea-level rise (resulting in an increase of distance between river mouth and core location) is also reflected in distinct continuous decrease of the terrigenous biomarker campesterol and ß-sitosterol whereas at the same time the phytoplankton biomarker brassicasterol increased (Fig. 5) . During the upper 250 cmbsf, however, brassicasterol decreased, a change probably triggered by an increase in sea-ice cover (see discussion below). The sea-ice biomarkers IP 25 and PIP 25 show a long-term increase from minimum values between 650 and 520 cmbsf (14.7-12.8 calendar kyr BP) to maximum values typical for the upper 250 cmbsf (age o9.3 calendar kyr BP), suggesting a continuous general increase in sea-ice cover towards the Holocene and throughout. A small but significant maximum at 780-760 cmbsf interpreted as short phase of more extended sea-ice cover, may coincide with the cold Heinrich Event 1, if using the extrapolated age of 16.4 calendar kyr BP (Fig. 5) .
In addition to IP 25 , the HBI diene (C 25:2 ) was determined in the sediment samples from Core PS2458-4 as well. This isomer has been found in marine sediments from both the Arctic Ocean and the Southern (polar) Ocean but also in more temperate regions (Belt et Fairbanks (1989) and Bauch et al. (2001b) , and bathymetric data from. GEBCO (http://www.gebco.net). (a) Glacial-like environment prior to the onset of shelf flooding and with ice caps on Severnaya Zemlya. White contours show the established limits of the Barents-Kara ice sheet extension in the northeastern Kara Sea during the LGM (Svendsen et al., 2004) . (b) Progressing shelf flooding (situation at 9.5 calendar kyr BP), past environment with seasonal sea ice cover. Ice caps on Severnaya Zemlya might be reduced in size or absent. (c) Modern-like environment established at the continental margin since about 7 calendar kyr BP, with re-growth of ice caps on Severnaya Zemlya and iceberg production. Proposed ice caps on Severnaya Zemlya and possible directions of iceberg discharge during phases (a) and (c) are shown as white fields and, respectively. Locations of cores studied by Taldenkova et al. (2010) and Core PS2458-4 are shown. Figure from Taldenkova et al. (2010), supplemented. that this HBI diene might not be a definitive ice proxy biomarker like IP 25 . Both isomers, however, show a quite similar, mostly parallel variability in the sedimentary record of Core PS2458-4 (data table doi:10.1594/PANGAEA.775891). Such a similarity in the profiles of both IP 25 and the HBI diene was also described in a Holocene record of Core ARC-3 recovered in Barrow Strait, northernmost Baffin Bay (see Fig. 1 for location) . This as well as the occurrence of the diene in sediments from various sea-ice covered locations around Antarctica are interpreted as strong evidence that these two compounds originate from the same source, i.e., sea-ice diatoms (Vare et al., 2009; Massé et al., 2011) . In the Holocene interval of Core PS2458-4, the diene/IP 25 ratios display a low variability and are generally low (between 0.8 and 4) with a decreasing trend towards the modern (Fig. 6 ). In the lower (preHolocene) part of the record, on the other hand, higher and much more variable values are typical. In the warmer Bølling-Allerød period, the diene/IP 25 ratios reach maximum values between 20 and 60 (Fig. 6 ). This observation is consistent with the preferential formation of more unsaturated HBI isomers at higher diatom growth temperatures (Rowland et al., 2001) . In the following, the history of sea-ice cover at the Laptev Sea continental slope from the Bølling/Allerød warm period towards the Holocene is discussed in more detail.
3.2.1. The Bølling-Allerød warm period: ice-free conditions at the Laptev Sea continental slope?
After the Heinrich Event 1 when sea ice was probably somewhat extended as suggested from increased IP 25 and PIP 25 values, sea ice cover step-wise decreased (Fig. 5) . A smaller-scale maximum in PIP 25 directly before the Bølling-Allerød boundary, is correlated with the Oldest Dryas cooling Event. With the Bølling-Allerød Warm Interval, minimum IP 25 and PIP 25 values were reached. In detail, PIP 25 values display three minimum values at 14.6, 13.5, and 13.1 calendar kyr BP, coinciding with distinct maxima in the diene/IP 25 ratios (Fig. 6) . These data suggest three phases characterized by warmer sea-surface water and more or less ice-free conditions at the Laptev Sea continental slope, interrupted by colder intervals with more sea-ice. The lowermost one, coinciding with PIP 25 maximum, probably represent the Older Dryas cold event, based on correlation with the NGRIP Ice Core record. The absolute IP 25 minimum and increased phytoplankton biomarker value, resulting in a minimum PIP 25 ratio of 0.05, as well as the absolute maximum in the diene/IP 25 ratio of 60 correlate with the peak Bølling warm interval (Fig. 6) . That phytoplankton biomarker values remain relatively low for icefree conditions may be explained by still not optimum conditions for phytoplankton productivity due to the strong influence of riverine suspended matter discharge at times lowered sea-level (see Fig. 4 ). Very similar fluctuations in biogenic sedimentation and productivity during the Bølling-Allerød interstadial were also recorded from the northern Norwegian continental shelf . In the Bølling peak warm interval, extreme ice-free conditions were described in a sediment core from Fram Strait, contemporaneously with a distinct maximum in phytoplankton productivity (Müller et al., 2009 ).
3.2.2. The Younger Dryas Event: freshwater discharge triggers Arctic sea-ice formation and abrupt cooling event?
Almost contemporaneously with the onset of the Younger Dryas, a huge outflow event of 9.5 Â 10 3 km 3 freshwater (or a flux of 0.30 Sv if assuming a release within one year; Teller et al., 2002) from the North American glacial Lake Agassiz into the North Atlantic has been proposed, which may have weakened the deep-water formation in the Greenland-Islandic-Norwegian seas and, thus, the thermohaline circulation (THC) during this interval (Broecker et al., 1989; Clark et al., 2002; Teller et al., 2002; McManus et al., 2004) . There was, however, an ongoing debate about the pathways of freshwater, i.e., whether the freshwater discharge was directly supplied into the Atlantic Ocean (Broecker et al., 1989) or whether the drainage of Lake Agassiz was towards the Arctic Ocean with a subsequent export of freshwater through Fram Strait into the Atlantic ( (Jakobsson et al., 2008) showing the extent of circum-Arctic ice sheets and hypothesized distribution of sea ice just prior to the Younger Dryas interval, main surface-water circulation pattern and proposed enhanced export of sea ice through Fram Strait directly towards the main area of NADW formation in the Greenland Sea (figure Bradley and England, 2008, modified and supplemented) . The location of Core PS2458-4 is indicated. In addition, locations of cores in which distinct deglacial meltwater events have been recorded in d
18
O and d
13
C data of planktic foraminifers near the Younger Dryas Event, are shown: (1) Chukchi margin (Polyak et al., 2007) , (2) Mendeleev Ridge (Poore et al., 1999) , (3) Eurasian Basin (Stein et al., 1994a (Stein et al., , 1994b Nørgaard-Pedersen et al., 1998 , and (4) Fram Strait (Bauch et al., 2001a) as well as Yermak Plateau Core PS2837-5 (Nørgaard-Pedersen et al., 2003 . (B) Map showing the North American (Laurentide) Ice Sheet and potential drainage pathways from Lake Agassiz at the onset of the Younger Dryas; the Northern Route is underline in red (from Broecker, 2006, supplemented) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Broecker, 2006; Peltier et al., 2006) . Peltier et al. (2006) could show that such freshening of the surface of the Arctic Ocean would have been as efficient for shutting down the Atlantic THC as would direct Atlantic freshening. As stated by Broecker (2006) , a clear proof of the path taken by the flood was still missing. Very recently, Murton et al. (2010) could identify such a missing flood path, evident from gravels and a regional erosion surface, running through the Mackenzie River system in the Canadian Arctic Coastal Plain. From optically stimulated luminescence dating, these authors have determined the approximate age of this Mackenzie River flood into the Arctic Ocean to be shortly after 13 calendar kyr BP supporting the hypothesis that the trigger of the Younger Dryas cooling was along the Arctic route.
If the latter hypothesis is correct, the freshwater event at the beginning of the Younger Dryas should also be recorded in Fig. 7 ; Andersson et al., 2003; Stein et al., 1994a Stein et al., , 1994b Nørgaard-Pedersen et al., 1998 Poore et al., 1999; Polyak et al., 2007) . Very low sedimentation rates, however, make it difficult to clearly identify the Younger Dryas Event in these cores. A 'marine' evidence for a major drainage event in the Canadian Arctic and increased sea ice formation at the onset of the Younger Dryas was proposed from elevated ice-rafted debris with a mineralogical (dolomite) signature indicative for a Canadian origin, found in a sediment core from Lomonosov Ridge close to the North Pole (Not and Hillaire-Marcel, 2012 ). This sea-ice signal was further carried by the Beaufort Gyre and then Transpolar Drift system into the North Atlantic. A strong meltwater input from the Arctic Ocean into the North Atlantic at that time was also deduced due to the distinct decrease in planktic d (Bauch et al., 2001a) at the beginning of the Younger Dryas interval (Fig. 7) .
A clear proof of the Arctic Ocean flood event and its direct relationship to enhanced sea-ice formation and the Younger Dryas cooling event in the central Arctic Ocean, however, is missing so far. We think that this gap in knowledge may be filled by the records of Core PS2458-4 presented and discussed here. In this core, Spielhagen et al. (2005) recorded a very strong freshwater event contemporaneously with the onset of the Younger Dryas (Fig. 6) . The exact onset of the rapid outburst of freshwater is somewhat critical as directly below the d 18 O minimum at 12.7 calendar kyr BP foraminifers are absent in the sediments, interpreted as a drop in salinity below critical limit for foraminifer growth. That means at this time (about 13 calendar kyr BP), probably the maximum freshwater discharge occurred (Spielhagen et al., 2005) . These authors interpret this signal as a more local Laptev Sea freshwater event related to increased Lena River discharge. Coincident with the freshwater event, however, the terrestrial biomarkers campesterol and ß-sitosterol (indicative for direct terrigenous/fluvial input of higher plants) sharply dropped-down as well (Fig. 6) . This may suggest, that the strong freshwater signal determined in the section of Core PS2458-4 is probably less related to local input by the Lena River, but instead freshwater/meltwater input from the western (Canadian) Arctic via surface water circulation might have been more important (Fig. 7) . This interpretation is supported by the fact that-in contrast to the Mackenzie area where a large ice sheet still existed in the hinterland during Younger Dryas times-no large-sized ice sheet being a potential meltwater source, existed in the hinterland of the Lena River at that time ( Fig. 7 ; Bradley and England, 2008 ).
Parallel to the distinct freshwater input, phytoplankton productivity seems to be drastically decreased, followed by a sudden increase in sea-ice cover (Fig. 6 ). These data support that enhanced freshwater flux may have increased sea-ice formation in the Arctic at the beginning of the Younger Dryas. In combination with the contemporaneous, abrupt and very prominent drop in d
18 O and d
13 C observed at Core PS2837-5 and indicative for a freshwater/meltwater pulse in the Yermak Plateau/Fram Strait area (Figs. 6 and 7; Nørgaard-Pedersen et al., 2003) , these data are in line with the hypothesis that strongly enhanced freshwater (and ice) export from the Arctic into the North Atlantic may have played a dominant trigger role during the onset of the Younger Dryas cold reversal, as proposed by Tarasov and Peltier (2005) and Bradley and England (2008) (Fig. 7) . For testing the importance of Arctic freshwater and sea-ice flux for Younger Dryas environmental change, however, more high-resolution well-dated sea-ice records from the Arctic Ocean are needed.
3.2.3. The Holocene: increase in sea ice causes decrease in productivity During the Holocene, increasing IP 25 and PIP 25 values indicate a steady increase in sea-ice cover. The Early Holocene time interval between about 11.6 and 9.3 calendar kyr BP is characterized by maximum abundance of the phytoplankton biomarker brassicasterol, interpreted as peak productivity (Figs. 5 and 6). Increased phytoplankton values and higher IP 25 and PIP 25 values may suggest an iceedge situation with increased phytoplankton productivity and sea-ice algae at that time (cf., Fig. 2 ). In the upper 200 cmbsf, i.e., during the last 7.2 or 8.8 calendar kyr BP (depending on the age model; see below), IP 25 and PIP 25 values significantly increased reaching their absolute maximum values (Fig. 5) . Contemporaneously, the phytoplankton biomarker brassicasterol decreased. The decrease in productivity is probably caused by the increase in sea ice, i.e., during this time interval sea-ice conditions deteriorated towards more a closed sea-ice cover similar to conditions we have today.
Concerning the two age models mentioned in Section 2, we cannot absolutely prove or disprove one or the other. The correlation with sedimentation rate records from the Laptev and Kara seas continental margin (Section 2) as well as other climate records from the Eurasian Arctic, however, may support the alternative age model, i.e., that the uppermost 200 cmbsf represent extended sea-ice cover during the last about 7.2 calendar kyr BP. In two sediment cores from the western Laptev Sea (see Fig. 4 for core locations), for example, Taldenkova et al. (2010) studied ice-rafted debris (IRD) and Atlantic-Water indicative foraminifers and conclude that after about 7 calendar kyr BP climate cooling and enhanced Atlantic-derived water inflow caused re-growth of ice caps on Severnaya Zemlya leading to a recurrence of IRD. Contemporaneously, IRD input at the western Barents Sea continental slope (Sarnthein et al., 2003) as well as the sea-ice cover along the western Svalbard continental slope (Müller et al., 2009 (Müller et al., , 2012 ) also increased, supporting this general cooling trend.
Conclusions
The novel sea ice proxies IP 25 and PIP 25 in sediment trap samples and a sediment core from the southern Lomonosov Ridge/Laptev Sea continental slope area allowed a detailed (semi-quantitative) reconstruction of modern seasonal variability and deglacial/Holocene change of Arctic sea-ice cover.
The sediment trap data indicate a predominantly permanent sea ice cover at the trap location between November 1995 and June 1996, an ice-edge situation with increased phytoplankton productivity and sea-ice algae input in July/August 1996, and the start of new-ice formation in late September.
During the Bølling-Allerød Warm Interval, minimum PIP 25 values indicative for minimum sea-ice cover, were reached. In detail, these data suggest three phases of warmer sea-surface water and more or less ice-free conditions at the southern Lomonosov Ridge/Laptev Sea continental slope area, interrupted by colder intervals with more sea-ice.
The new biomarker data indicate an abrupt increase in Arctic
Ocean sea-ice cover at the beginning of the Younger Dryas, immediately following a sudden freshwater/meltwater event. These data are in line with the hypothesis that a huge freshwater outburst into the Arctic Ocean, related increase in sea-ice formation, and subsequent freshwater and sea-ice export into the North Atlantic via Fram Strait may have been a potential trigger mechanism for the Younger Dryas cooling event.
During the Holocene, increasing IP 25 and PIP 25 values indicate a steady increase in sea-ice cover, with a more or less perennial sea-ice cover similar to that of today probably reached at about 7-8 calendar kyr BP.
